Abstract: On the basis of commercially available trimethylolpropane (TMP) three six-membered ring carbonates were prepared, substituted with reactive side groups: a chloroformate (2a), an imidazolyl carbamate (2b) and a phenyl carbonate (2c). Their synthesis and characterizations are described and compared to known ring carbonates with reactive side groups. Starting from 2a-c orthogonal couplers 3a and 3b were synthesized for conversion under mild reaction conditions. In a model reaction 2-azidoethyl 2-N-acetylamino-2-deoxy--D-glucopyranose and tertbutyl-N-(3-aminopropyl) carbamate were linked with coupler 3a via a 1,3-dipolar cycloaddition and a nucleophilic ring-opening reaction. This coupling principle can be used for the preparation of multifunctional polymers or surface coatings at ambient conditions.
Introduction
Polymer science and industry have a great interest in functional and responsive polymers. Polymers with the desired functionality are prepared by (i) copolymerization of functional monomers, (ii) polymer analogous reactions (postsynthetic modification of polymers) or (iii) by combinations of both methods. Polymer analogous reactions play an important role in the preparation of multifunctional polymers and are intensively studied by polymer chemists.
In our group several difunctional carbonate couplers were developed and their selective reaction with nucleophiles was investigated (Scheme 1) [1] [2] [3] . Scheme 1. Difunctional carbonates for selective coupling of amines.
These couplers are equipped with a five-membered ring carbonate and a second reactive group with a higher reactivity towards nucleophiles. They were designed to combine selectively two different amino functionalized building blocks. In the case that one building block is a polyamine, it is possible to prepare multifunctional polymers (Scheme 2). The preparation of multifunctional polymers is a two step procedure, which is controlled by the reaction temperature. [4] Scheme 2. Preparation of multifunctional polymers from polyamine and amine building blocks via carbonate couplers [3, 4] .
In a first step at low temperatures (0-25 °C) the difunctional carbonate coupler reacts selectively with an amine or polyamine by a substitution reaction. The resulting functionalized carbonate coupler or the resulting carbonate functionalized polyamine reacts in a second step with another amine at higher temperatures (60-80 °C). This leads to multifunctional polymers. Via control of the reaction temperature a selective functionalization of the difunctional carbonate coupler is possible. For example, Pasquier used this method for the preparation of functionalized poly(ethylenimine) (PEI) with antimicrobial properties [5] [6] [7] .
This method can also be applied using other commercially available polyamines like poly(vinyl amine) (PVAm), poly(allyl amine) (PAAm), dendritic poly(propylenimine) (PPI), chitosan and polylysine. The temperature interval, in which the reaction is performed, is decisive for selective functionalization of polyamines by this method.
Closer examination of the two reaction steps leading to multifunctional polymers reveals three important observations (Scheme 3) Scheme 3. Coupling of two functional amines using a coupler with a five-membered ring carbonate and a carbonic acid side group.
(i) For the preparation of functionalized couplers the difference in reactivity of the fivemembered ring carbonate and the activated carbonic acid derivatives in the side chain towards amines is high, leading to a high product selectivity. (ii) However, reaction with the second amine leads to a mixture of two isomeric compounds as a result of the non-selective opening of the substituted five-membered ring carbonate [8] [9] [10] . The consequence of this are different properties in self-association and different reactivity of the resulting alcohol group. Thus, the use of these products with a primary and a secondary alcohol group as initiator for the ring-opening polymerization of lactones leads to broad molecular weight distribution due to different rates of initiation of primary and secondary alcohol groups [11] (iii) The advantage of high selectivity in the reaction of these carbonate couplers with the first amine (due to the large difference in reactivity of the activated carbonic acid derivatives in the side chain compared to the five-membered ring carbonate) becomes a disadvantage in the reaction with the second amine. Due to the low reactivity of the substituted ethylene carbonate group harsh reaction conditions are needed. This is a disadvantage for reactions with temperature sensitive compounds and reactions on surfaces. Based on this observation six-membered ring carbonates substituted in -position with activated carbonic acid derivatives were prepared and their potential as couplers was investigated.
Since the 1930s the chemistry of ring carbonates is explored [12] One interesting discovery was that six-membered ring carbonates show a higher reactivity towards nucleophiles than five-membered ring carbonates. This was explained by the difference in the ring strain. For example the relative reactivity of five-and sixmembered ring carbonates and linear aliphatic or linear aromatic carbonate groups towards alkaline hydrolysis is in the order 22: 248: 1, respectively 180: 955: 1 [13] [14] [15] . A further example is the relative order of reactivity for acid catalysed hydrolysis, which is 6-> 5-> 7-membered ring carbonate. [16] Six-membered ring carbonates are commonly used for the preparation of poly(carbonate)s [12, [17] [18] [19] and poly(hydroxy urethane)s [9, 10, 20, 21] (Scheme 4). Scheme 4. General use of ring carbonates as monomers for ring-opening polymerization (i) and co-monomers for the preparation of polyhydroxyurethanes (ii).
Polycarbonates can be prepared from ring carbonates using different catalysts [12] . For example anionic ring-opening polymerization occurs between -30°C and -10°C within 1 h, without decarboxylation [18] . It is possible to polymerize selectively bifunctional ring carbonates, composed of a five-and a six-membered ring carbonate, to prepare polycarbonates and polyhydroxyurethanes by controled ringopening reactions [4, 17] . Acid catalysed ring-opening polymerization initiated by alcohol needs temperatures between 0 °C and 50 °C [22] . Furthermore ring carbonates can be polymerized via enzymatic ring-opening polymerization [23] .
Poly(hydroxyurethane)s are prepared by polyaddition reaction of monomers with two ring carbonate groups and diamines [8-10, 20, 21] . The relative reactivity of bis(ring carbonate)s towards diamines was reported by Endo [9, 21] The aim of this work was to test the efficiency of carbonate couplers based on sixmembered ring carbonates with activated carbonic acid derivatives in the side chain. A further goal was the preparation of orthogonal couplers (3a and 3b) with a sixmembered ring carbonate and an azide-or propargyl-function for selective connection of two different building blocks under mild reaction conditions. Applications for this class of couplers are functionalization of polymers and surfaces with sensitive compounds.
Results and discussion
The growing interest in functional and responsive polymers leads to an increasing effort in the preparation of functionalized polymers and reagents for functionalization of polymers. Commonly six-membered ring carbonates are used as monomers for the preparation of polycarbonates and poly(hydroxyurethane)s [9, 10, 12, [17] [18] [19] [20] [21] . To our knowledge this class of compounds was not used before as couplers for the connection of different building blocks. Important for connecting two or more building blocks selectively via carbonate couplers is, that the functional groups of the couplers have different rates for the conversion of nucleophiles [1, 2] . Orthogonal reactive couplers have the advantage to connect building blocks by two not competing mechanisms. In order to prepare and test orthogonal couplers the following synthetic strategy was chosen ( Scheme 5). The preparation of functional carbonate couplers with a six-membered ring carbonate group and an activated carbonic acid derivative in the side chain (2a-c) starts from commercially available TMP (Scheme 6) Scheme 6. Synthesis of functional six-membered ring carbonates starting from TMP. (i) TMP, 1 eq. diethyl carbonate [24, 25] ; (ii) 2 eq. triphosgene (2a) or 1,1'-carbodiimidazole (2b) or phenyl chloroformate (2c) in THF, r.t., 12 h.
Synthesis of functional six-membered ring carbonates
In three steps TMP was converted to compound 1 according to the literature [24, 25] . The remaining free hydroxy group of 1 was functionalized in three different ways resulting in activated carbonic acid derivatives, which are highly reactive towards nucleophilic substitution with amines as nucleophiles [1, 3, 26] .
For the preparation of the chloroformate coupler 2a, carbonate 1 was treated with triphosgene in THF using pyridine as acid scavenger. Such chloroformates are known to react with amins and alcohols. For example Mues reported the synthesis of carbonic acid esters starting with chloroformate 2a and alcohols [26] . The coupler 2a was used as crude reaction product after filtration of pyridine hydrochloride. For the preparation of coupler 2b and 2c carbonate 1 was treated with 1,1'-carbodiimidazole or phenyl chloroformate. Coupler 2b was obtained in 74.7% yield. Coupler 2c was obtained in 75.2% yield after column chromatographic purification. Taking into account the sensivity of six-membered ring carbonates towards column chromatography, this result can be considered as excellent [27] .
Six-membered ring carbonates have a characteristic set of signals in the 1H NMRspectra with an AA'BB' pattern [27, 28] . The 1H NMR spectrum of coupler 2b ( In the 13 C NMR spectrum two carbonyl resonance lines appear at 148.1 ppm and 147.8 ppm indicating the presence of the ring carbonate (C-6) and of the urethane (C-7) group. In addition the endocyclic methylene groups (C-5) at 71.7 ppm and the exocyclic methylene group (C-4) at 66.7 ppm are characteristic for compound 2b. These signals prove that the six-membered ring carbonate is intact. These characteristic signals were found for coupler 2c, too (Fig. 2) . 
Selective functionalization of 2a-c with propargylamine and 3-azidopropylamine
The selective functionalization of 2a-c was performed in THF at room temperature. We were aware, that functionalization reactions of 2a-c under these conditions are less selective, than of five-membered ring carbonates with equivalent activated carboxylate side groups. But the resulting orthogonal couplers 3a and 3b, will be faster converted by amines than corresponding five-membered orthogonal couplers and only one product with a primary hydroxy group will be obtained. This is the advantage we are aiming for. Propargylamine and 3-azidopropylamine were added slowly to the functional six-membered ring carbonates, the reaction mixture being cooled in an ice bath. By this procedure side reactions were reduced and novel couplers with orthogonal reactive groups were obtained (Scheme 7) Scheme 7. Synthesis of difunctional couplers for orthogonal reactions. The results of these reactions are summarized in Tab. 1.
Tab
When 2a was used as starting material, pyridine had to be added as acid scavenger.
1 H NMR analysis of the raw product obtained with propargylamine and 3-azidopropylamine showed full conversion of the amines. After purification via column chromatography the yield of 3a was 84.5%, however, that of 3b was only 30.4%. The imidazole carbonate (2b) and phenyl carbonate (2c) were converted in a similar procedure without using an acid scavenger.
The highest yields for 3a were obtained starting with the chloroformate substituted ring carbonate; for 3b the best results were obtained from the imidazolyl carboxylate substituted ring carbonate.
In the 1 H NMR spectrum of 3a (Fig. 3) the newly formed carbamate group shows characteristic signals for the adjacent methylene groups at 4.10 ppm (H-4) and 3.95 ppm (H-8). In the 13 C NMR spectrum the corresponding carbon atoms show chemical shifts at 63.3 ppm (C-4) and 30.7 ppm (C-8) and in addition the carbamate carbonyl (C-7) at 155.6 ppm.
Similar to this 3b showed in the 1 H NMR spectrum (Fig. 4) In both spectra the characteristic peaks for the six-membered ring carbonate are still present proving a selective conversion of the activated carbonic acid side group.
Coupling reaction using the orthogonal coupler 3a
The orthogonal reactive difunctional couplers (3a and 3b) are able to react in a ringopening reaction (ror) and in a 1,3 dipolar cycloaddition reaction under mild conditions [29] [30] [31] . It was shown that six-membered ring carbonates react with amines as nucleophiles at room temperature. It is also known that copper-(I) catalysed click-reactions work at room temperature [32] [33] [34] . So these functional groups are perfect for connecting two building blocks without heating. In a model experiment the connection of two building blocks via orthogonal reaction was investigated using coupler 3a (Scheme 8). In the first coupling reaction 3a was treated with 1.1 eq. tert-butyl-N-(3-aminopropyl) carbamate at room temperature [35] . After two days 4 was obtained in 74.1% yield after column chromatography. The tertbutyl-N-(3-aminopropyl) carbamate represents a model for other functional amines and polyamines. This partially protected diamine was used on purpose, since after removal of the protection group. The free amine can be used in further reaction, for example immobilization on hydrogels.
Due to this ring-opening reaction the characteristic AA'BB' pattern of the sixmembered ring carbonate group disappeared in 1 H NMR spectrum (Fig. 5) and new signals at 3.98 ppm (H-4) and 3.37 ppm (H-12) were visible. In the 13 C NMR spectrum the chemical shift of the ring carbonate at 148.5 ppm vanished and a urethane signal at .2 ppm (C-5) appeared. Also the methylene signal of the ring carbonate at = 72.5 ppm was replaced by new signals at = 61.8 ppm (C-12) and = 64.3 ppm (C-13).
The second coupling reaction was a copper catalysed click-reaction of 4 with 2-azidoethyl 2-N-acetylamino-2-deoxy--D-glucopyranose at room temperature leading to compound 5. The yield (17.0%) of this reaction step was low, probably due to the low amount of catalyst and or incomplete conversion. After these two coupling reactions the Boc protection group was removed using 2M sodium chloride solution at 0°C. Then workup and purification led to pure coupling product 6 in 61.76% yield.
The product 6 was characterized by 1 H and 13 C NMR spectroscopy (Fig. 6.) and for CH-COSEY NMR see Fig. 7 . In these spectra the successful coupling of the two compounds are clearly visible by the new formed groups (urethan and 1,2,3-triazole) and the changes of the chemical shifts in the immediate neighbourhood of these groups. The missing tert-butyl signals and the shift of signal 22 illustrate complete elimination of the Boc protection group. 2-Azidoethyl 2-N-acetylamino-2-deoxy--D-glucopyranose was chosen for the clickreaction, because it is often used for attachment of oligosaccharides to functionalized polymers and surfaces [36, 37] . This opens up potential application of these orthogonal coupler for the preparation of glycoconjugates like glycopolymers [38, 39] or glycan arrays [40] . The preparation of glycoarrays is an example for surface functionalization under mild conditions [41, 42] . 
Experimental part
Materials 5-Ethyl-5-(hydroxymethyl)-1,3-dioxolan-2-on (1) was prepared according to the literature [24, 25] . For preparation of tert-butyl-N-(3-aminopropyl)carbamate [35] and 3-azidoethyl N-acetylglucosamine see supporting information. Triphosgene from Acros Organics (99%), 1,1'-carboimidazole from Aldrich, phenyl chloroformate from Fluka, sodium ascorbate from AppliChem, copper sulfate pentahydrate from AppliChem, pyridine over molsieve from Acros Organics, phosphomolybdic acid hydrate from Merck, chloroform from Fischer Scientific (HPLC grade), silica gel from AppliChem (60 <0,2 mm), methanol over molecular sieve from (Fluka), were used as received. Tetrahydrofuran (THF) from KMF (p.a.) was dried by refluxing over sodium and distillation.
Water sensitive reactions were performed under inert gas atmosphere (nitrogen).
Chromatography
All reactions were monitored via thin layer chromatography using pre-coated Polygram R SIL G/UV254 from Macherey-Nagel. The spots were detected by UV light (254 nm). The sugar spots were visualized with 10% sulfuric acid in ethanol and heating with a heat gun. Carbonyl-or carbonic acid groups were developed using 8% phosphomolybdic acid in ethanol. Column chromatography was performed on silica gel (Fa. Merck, corn size 0.063 -0.200 mm). 4.79 ppm) were used as internal standards. Coupling constants J are given in Hz. 13 C peak assignments were made by first order analysis of the spectra, supported by standard 1 H- 13 
C correlation spectroscopy (COSY).
Infrared (IR) spectroscopy was measured using a Nexus 470 FT-IR from ThermoNicolet with a spectral resolution of 8 cm -1 in KBr.
Mass spectroscopy was measured by Orbitrap XL from Thermo Fisher Scientific using electron ionization (EI) as ion source.
Syntheses
-Synthesis of tert-butyl-N-(3-aminopropyl)carbamate [43] 1,3-Propandiamine (68.93 g, 930.0 mmol) was dissolved in 1,4-dioxane (300 mL). A solution of di-tert-butyldicarbonate (26.31 g, 120.5 mmol) dissolved in 1,4-dioxane (300 mL) was added dropwise. The reaction mixture was stirred at room temperature for 72 h. The white solids were filtered off and the filtrate was concentrated. To the remaining solution distilled water (500 mL) was added dropwise and the white precipitation was filtered off. Solid sodium chloride was added to the filtrate and extracted with DCM (4x 100mL (6) ppm.
-Synthesis of 3-azidopropylamine [44] 3-Chloropropylamine hydrochloride (1.0 eq., 25.00 g, 173.6 mmol) and sodium azide (1.5 eq., 16.92 g, 260.3 mmol) were dissolved in distilled water (420 mL) and heated to 85 °C for 19 h. The solution was concentrated to a volume of 150 mL and diethyl ether (150 mL) was added. The reaction mixture was neutralized under vigorous stirring using solid sodium bicarbonate (9.5 g). The aqueous layer was separated and washed with chloroform (2x 100 mL). The combined organic layers (diethyl ether and chloroform) were dried with sodium sulfate and concentrated to a yellow liquid. Yield: 12.29 g (70.7%). The NMR spectra were in accordance with the literature. Starting from 2-N-acetylamino-2-deoxy--D-glucopyranose halogenation was done according to Horton [45] (yield 65-72 %). Then in a König Knorr glycosidation [46] [47] [48] [49] [50] the acetylated sugar was reacted with 2-azidoethanol [51] (yield 63.6 %). The selective deacetylation was performed according to Zemplén [52] in methanol at 0 °C using sodium methoxide (30 mol%). After 2 hours, water was added and methanol was evaporated under reduce pressure. The aqueous solution was dried by lyophilisation and the sodium chloride salt was filtered over a silica gel column with ethanol. 2-Azidoethyl 2-N-acetylamino-2-deoxy--D-glucopyranose was obtained in 98.0% yield [53] . -Synthesis of ring carbonates (5-Ethyl-2-oxo-1,3-dioxan-5-yl)methyl chloroformate (2a) [26] Triphosgene (2.25 g 7.58 mmol) was dissolved in THF (30 mL). A solution of pyridine (2 eq., 1.20 g, 15.16 mmol) and 5-ethyl-5-hydroxymethyl-1,3-dioxan-2-on (1) (2 eq., 2.43 g, 15.16 mmol) dissolved in THF (30 mL) was added dropwise (1 h). After stirring the solution at room temperature for 20 h, the pyridinium hydrochloride was filtered off. The filtrate was concentrated to obtain a dark, viscous oil. Yield 2.39 g, 10.74 mmol, 70.8%. -Procedure for the preparation of propargyl and azide functionalized carbonate couplers 3a and 3b
(5-Ethyl-2-oxo-1, 3-dioxan-5-yl)methyl chloroformate (2a) (1.77 g, 6.92 mmol) was dissolved in THF (20 mL) and cooled to 0°C. A solution of propargylamine (1.05 eq., 0.40g, 7.28 mmol) and pyridine (1.2 eq., 0.66g, 8.3 mmol) in THF (40 mL) was added dropwise (20 min) . After stirring at room temperature for 18 h the pyridinium hydrochloride was filtered off and washed with THF. The reaction mixture was concentrated at reduced pressure. The resulting yellow oil (3a) was purified by column chromatography (ethyl acetate/n-hexane 1:1, R f = 0.159).
Yield: 1.41 g, 5.85 mmol, 84.5%.
Additional samples of 3a and 3b were prepared starting with 2a, 2b and 2c (Tab. 2). 43 .0 mmol, 1.2 eq.) was dissolved in CHCl 3 (100 mL) and a solution of (5-ethyl-2-oxo-1,3-dioxan-5-yl)methyl prop-2-ynylcarbamate (3a) (8.63 g, 35.8 mmol) dissolved in CHCl 3 (100 mL) was added dropwise. After stirring the reaction mixture for 2 days at room temperature, the solution was washed with distilled water (3 x 100 mL). The organic layer was dried over MgSO 4 . After removing the solvent at reduced pressure, the product was purified by column chromatography (ethyl acetate R f = 0.455).
Yield: 6.4 g, 26.5 mmol, 74.1%. Propargyl substituted coupler 4 (0.69 g, 1.86 mmol) and 3-azidoethyl Nacetylglucosamine (0.54 g, 1.86 mmol) were dissolved in a mixture of distilled water / tert-butanol (1:1, 10 mL). Sodium ascorbate (0.2 eq., 74 mg, 0.372 mmol) and Cu 2 SO 4 5 H 2 O (0.1 eq., 46 mg, 0.186 mmol) were added. The reaction mixture was stirred at room temperature for 15 h. Then tert-butanol was evaporated at reduced pressure. The remaining solution was freeze dried and purified by column chromatography (ethanol/chloroform 3:7, then elution with ethanol). Yield: 210 mg, 0.316 mmol, 17.0 %. -Removal of the the Boc protection group; Synthesis of compound 6
Compound 5 (210 mg, 0.316 mmol) was dissolved in distilled water (20 mL) and treated with a aqueous hydrochloric acid (20 mL, 2M) at 0°C. After stirring for 2 h the solution was neutralized using sodium hydroxide at 0°C and freeze dried. The sodium chloride was removed by filtration over a silica column with ethanol. Ethanol was removed at reduced pressure. Yield: 110 mg (0.195 mmol) 61.76 %. 
